It is clear that a major contribution to catalysis of peptide bond formation by the ribosome derives from simply positioning two reactive substrates in close proximity to one another in an orientation favorable for catalysis (Jencks, 1969 , 2003b) . Impormation is catalyzed by the ribosome itself, release of tantly, however, an atomic resolution view of the active the growing peptide chain depends, under normal cirsite complexed with a release factor is currently lacking. cumstances, on protein class I release factors that recIn the active site, the highly conserved nucleotide A2451 ognize stop codons and interact with the ribosome to initially garnered considerable attention due to its close promote the hydrolytic event.
. solution by at least five orders of magnitude (Weber and Recent structures of the large ribosomal subunit have Orgel, 1979). Upon completion of elongation, the peptide provided us with a detailed view of the RNA-only active is released from the peptidyl-tRNA in a reaction that site and thus with candidate nucleotides for direct uses water as the nucleophile in place of the amino involvement in catalysis of both the aminolysis and hygroup on the aminoacyl-tRNA. While peptide bond fordrolysis reactions (Moore and Steitz, 2003b) . Impormation is catalyzed by the ribosome itself, release of tantly, however, an atomic resolution view of the active the growing peptide chain depends, under normal cirsite complexed with a release factor is currently lacking. cumstances, on protein class I release factors that recIn the active site, the highly conserved nucleotide A2451 ognize stop codons and interact with the ribosome to initially garnered considerable attention due to its close promote the hydrolytic event.
(hydrogen bonding) proximity to the chemically relevant tetravalent moiety of a transition state analog ( quality mutant ribosomes and on robust peptidyl transferase and release assays. Here, we describe a system for the affinity purification of mutant ribosomes and apply nucleotide RNA hairpin that binds the MS2 phage coat this method to the functional analysis of site-directed muprotein for use as an affinity tag (LeCuyer et al., 1995). tations incorporated at four universally conserved nucleThe tag was inserted at the terminal loop of E. coli 23S otide positions in the active site (A2451, U2506, U2585, rRNA helix 98 where previous studies have shown that and A2602). These studies lead to a view of the active large insertions are tolerated with no deleterious effects site composed of two shells of conserved nucleotides on cell growth (Spahn et al., 1999) . Indeed, cells that playing critical roles in two distinct chemical processes-an lack all seven rrn operons (Asai et al., 1999) and express inner shell that is critical for the peptide release activity only ribosomes carrying the MS2 RNA tag show no of the ribosome and an outer shell that functions to growth phenotype (data not shown). The construct for orient the tRNA substrates for the catalysis of peptide tagged ribosomes was derived from the plasmid pLK35 bond formation. In this view, peptide bond formation (Douthwaite et al., 1989) , allowing inducible expression on the ribosome is accomplished primarily by simple of even dominant-negative rRNA mutations at high levpositioning of the substrates for catalysis and does not els (30%-50% mutant) (Powers and Noller, 1990) . Crude depend on more sophisticated catalytic mechanisms.
70S ribosomes were prepared from these cells and applied to GST-MS2 fusion protein immobilized on a Results glutathione-sepharose FPLC matrix. Tagged ribosomes readily bound to the column and were eluted with glutaPurification of Mutant Ribosomes thione as a single well-separated peak ( Figure 1A ). PuriThe first goal was to devise a scheme to allow for the fied 23S rRNA-tagged ribosomes were more than 90% purification of mutant ribosomes from a background of pure when assayed by primer extension analysis at a wild-type ribosomes. properties of ribosomes carrying mutations in the PTactive site. As a test case, we purified A2451U ribomM) in a quench-flow apparatus, and the reaction was quenched with EDTA at various time points (Figure 2A) . somes bearing the MS2 affinity tag and assayed their reaction rate. Previous analysis of this mutation in a Electrophoresis on cellulose TLC plates was used to resolve the starting materials from products, following mixed ribosome population indicated that these ribosomes catalyze peptide bond formation about 130 times base hydrolysis (Figure 2A) . In this assay, wild-type ribosomes efficiently convert both the fMet-tRNA fMet and the more slowly than wild-type ribosomes at pH 7.7 (Katunin et al., 2002). With our modified PT assay, we see similar dipeptidyl-tRNA fMetPhe-tRNA Phe into the appropriate dipeptide or tripeptide product (Ͼ80% and Ͼ60%, reresults, with a rate constant of 0.05 s Ϫ1 (n ϭ 5) for A2451U ribosomes, 180 times slower than the rate constant of spectively). Time courses of the PT reaction for wildtype (MRE600) ribosomes fit well to a single-exponential 9.4 s Ϫ1 (n ϭ 11) measured for wild-type ribosomes. Analysis of the A2451U reaction profile also confirms the curve with an average first order rate constant for the reaction of 9.4 s Ϫ1 (n ϭ 11) at 20ЊC and pH 7.5 ( Figure 2B ). assessment of purity in the primer extension analysis clones of each mutant. The most general observation from these data is that A2451U is not the only active site mutation with dramatic effects on PT activity. With the exception of U2585G ribosomes where the rate constant is diminished by only 7-fold, we see substantially reduced PT rate constants for all of the mutants tested, ranging from about 30-to more than 9000-fold slower than wild-type.
Affinity of Active Site Mutants for Puromycin
We next asked whether any of the reduced rate constants observed for the mutants could be attributed to an A site substrate (Pm) binding deficit by examining the dependence of the rate constant on Pm concentration for one selected mutation at each position (generally the mutant with the slowest rate constant). Rate con- A2451 or a mutation of U2506 to either A or G did not efficiently convert the dipeptidyl-tRNA to tripeptide product under these same standard conditions. For Analysis of PT using Puromycin as an A Site Substrate A2451 mutant ribosomes, the endpoint deficiency for tripeptide formation could be overcome by raising the The affinity tag was used to isolate ribosomes bearing mutations at the four positions described above and concentration of Mg 2ϩ in the reaction to 15 mM ( Figure  4A ). In the case of mutations at U2506, additional Mg 2ϩ their activity in the pre-steady-state PT assay examined. We sought reaction conditions for each mutant that realone was sufficient to increase the reaction endpoint of U2506A but not U2506G ribosomes. For U2506G, the sulted in efficient formation of the fMetPhePm product and reproducible kinetic behavior in multiple experireaction endpoint was increased by increasing the Mg 2ϩ to 15 mM and by raising the reaction temperature from ments. These criteria are important, because when reaction endpoints are low (i.e., the fraction of substrate 20ЊC to 37ЊC. When the U2506G mutant ribosomes were assayed over a range of temperatures, it was clear that converted into product at the end of the reaction), the evaluation of rate constants can be confounded by pothis mutant displayed a cold-sensitive phenotype with endpoints decreasing rapidly over the range of 25ЊC-tential side reactions. Once these conditions were established (see below), the rate constant for PT was mea-15ЊC ( Figure 4B ). We performed a number of controls in order to justify sured for each of the mutants, and the results are presented in Table 1 . In general, the data were obtained the alteration of standard reaction conditions to increase the endpoints of mutant ribosomes. First, the rate conat 20ЊC in a buffer containing either 7 or 15 mM MgCl 2 . The data represent averages from at least three indepenstant for wild-type ribosomes was not different at 7 mM Mg 2ϩ (9.6 s Ϫ1 ) and 15 mM Mg 2ϩ (10.7 s Ϫ1 ). Second, we dent experiments using two independently isolated We next looked at the effects of the active site mutations result in defects in their ability to release the growing peptide chain ( Table 2) . As previously reported, tions in this accommodation-limited PT assay. To our surprise, all of the mutants displayed rate constants A2602 mutant ribosomes are highly impaired (100-to 300-fold) in their ability to catalyze this reaction (Polacek for dipeptide (fMetPhe) formation that were essentially indistinguishable from that of wild-type ribosomes (Taet al., 2003). In addition, U2585 mutant ribosomes catalyze peptide release at substantially compromised rates ble 1). We were initially concerned that the dramatic differences in rate constant observed for fMetPhe ver-(25-to 45-fold), and certain A2451 and U2506 mutant ribosomes have more modest (3-to 6-fold) reductions. sus fMetPhePm formation were attributable to inherent differences in the mutant ribosomes' ability to form the Importantly, all mutant ribosomes show specificity for messages containing a stop codon in the A site rather first versus the second peptide bond. We eliminated this possibility by comparing the PT activity of the mutant than the randomly chosen sense codon UUU (data not shown). In addition, the rate defects observed are not ribosomes using Pm as a substrate to make either the first or the second peptide bond (using either fMetdue to a deficit in RF1 binding by the mutants, since the rates of the A2602C and U2585C mutants were not tRNA fMet or fMetPhe-tRNA Phe as the peptidyl-tRNA substrate, Table 1 ). These data clearly show that the defects affected by increasing the RF1 concentration in the reaction by 10-fold (data not shown). The substantial defects of the mutant ribosomes are associated with puromycin as a substrate and are independent of whether the forobserved for these mutant ribosomes in the release assay provide us with a simple explanation for the concontext of natural intact tRNA substrates, these rRNA mutations have, at most, limited effects on the PT activserved nature of these nucleotides. ity of the ribosome. The alternative interpretation is that the rate constant for PT between two intact aminoacylDiscussion tRNA substrates is dramatically faster than the rate constant of 10 s Ϫ1 , measured using Pm as the A site subWe have used an affinity-tagging approach to purify strate. However, given that U2506A mutant ribosomesribosomes bearing mutations at the four nucleotide powhich react more than 9000 times more slowly than sitions that surround the site of catalysis in the large wild-type in the Pm assay-show no rate deficit using subunit of the ribosome. Kinetic analysis has revealed intact substrates, the rate constant for peptide bond that these nucleotides are intimately involved in peptide formation using aminoacyl-tRNA as the A site substrate release but not in peptide bond formation. Interestingly, would have to be at least 18,000 s Ϫ1 (1800 times faster although puromycin and intact tRNAs are widely considthan the rate constant measured using Pm as the acered to be equivalent substrates for probing PT on the ceptor substrate). While catalysis in principle could be ribosome, it was the differences in their behavior in these this rapid with tRNA substrates, it would be more than assays that led us to these striking conclusions. . In a pre-steady-state kinetic assay that critical interactions between the ribosome and substrate follows the reaction between a dipeptidyl-tRNA in the are not engaged by Pm. Interestingly, however, the sub-P site and puromycin in the A site, all but one of these stantial reductions in the PT rate constant for Pm ob-12 mutations causes a dramatic (30-to 9400-fold) reducserved in these active site mutants cannot be easily tion in the rate constant for PT. In sharp contrast to attributed to overall binding, since A2451U, U2585C, these initial results, we could detect no deficiency in and A2602C mutants have K 1/2 values for Pm within error the rate of PT by these same mutant ribosomes when the of the wild-type value of about 4 mM. The U2506C mu-A site substrate was an intact aminoacyl-tRNA. These tant-initially considered the most likely candidate for results are unexpected, given that the nucleotides choan A site binding defect, given its nearly 5000-fold resen for analysis are considered the primary candidates duced rate constant-in fact has a K 1/2 for Pm about 30-for playing an active role in the catalysis of peptide bond fold lower than that of wild-type (K 1/2 ‫021ف‬ M). Assumformation (Green and Lorsch, 2002; Nissen et al., 2000;  ing that a change in rate-limiting step has not resulted Rodnina and Wintermeyer, 2003) .
in an artificial lowering of the K 1/2 , this suggests that Interpretation of these results is hindered by the fact puromycin binds tightly to the mutant ribosomes but that the rate constant for chemistry cannot be directly in a nonoptimal orientation for attack. The rescue of measured when an aminoacyl-tRNA is used as the A puromycin reactivity deficiencies by the intact tRNA site substrate, as it has been demonstrated that EFsubstrates suggests that positioning of the reactive Tu-facilitated "accommodation" of the aminoacyl-tRNA groups is the critical factor for catalysis and that in the into the active site is rate limiting in this reaction (Pape presence of an intact tRNA substrate, local contributions et al., 1999). In separate experiments, we also examined to positioning are overdetermined. More generally, the rates of ribosome-catalyzed peptide bond formation these results underscore the importance of precise posiwith intact tRNA substrates at pH 5.7-where the chemtioning and orientation of the two reaction substrates istry of PT is likely to be limiting-and saw again that in the mechanism of peptide bond formation by the the mutant ribosomes have no evident catalytic defects ribosome where the largest decreases in rate constant when genuine tRNA substrates are used. Simple interwe have measured likely represent a failure of ribosomes pretation of these data is, however, hindered by the to bind the A site substrate in the correct orientation. biphasic nature of the kinetic profiles that is observed Our results are generally reminiscent of experiments at these low pHs (data not shown). from the ribozyme field in which minimal ribozyme conIn the end, because we cannot examine the possible structs have often been observed to be exquisitely senrange of rates above the upper limit of 2 s Ϫ1 imposed sitive to structural perturbations probed by site-directed by EF-Tu-facilitated accommodation, there are two posmutagenesis, whereas full-length ribozyme constructs are less so ( with puromycin (J.L.B.,  A.B.K., E.M.Y., R.G., unpublished data) . , where it is understood that large RNA molecules tions at A2451, U2585, and C2063 had little effect on the naturally struggle to avoid populating the many stable activity (Polacek et al., 2003) . Our experiments provide misfolded states that are permitted by their promiscusupport for some of these earlier data and offer new ous base-pairing potential (Herschlag, 1995). While we insight into the specialized role of this active site. Here, cannot yet make direct connections between the apparwe find that mutation of any of these four central active ent conformational heterogeneity in the active site and site nucleotides reduces the rate constant of RF1-mediits potential for the catalysis of PT or release, it seems ated peptide release, with mutations at positions U2585 likely that these data provide the foundation for experiand A2602 causing particularly substantial defects. Inments that will ultimately uncover such insights. terestingly, U2506 mutants were the most affected in their ability to catalyze PT with Pm and yet had only mild defects in our release assay. While it is not yet Conclusions possible to assign specific roles to these nucleotides in
The systematic analysis that we have begun here allows the catalysis of release, it is now clear that it is this an initial definition of the active site of the ribosome and reaction that should be focused on as the search continits contributions to catalysis. Paradoxically, the simplest ues for general bases, general acids, and oxyanion staview of our data is that the universally conserved nucleobilizers. Of course, this search will depend on assays in tides found most proximal to the chemically relevant which the chemistry of release is being directly meamoieties of the tRNA substrates are not directly involved sured.
in the catalysis of peptide bond formation but are critical instead for the catalysis of peptide release. Thus, two shells of universally conserved nucleotides appear to A Role for Conformational Rearrangements in the Active Site allow the active site to perform two distinct chemical reactions on related substrates ( Figure 5 ). The chemiConformational rearrangements in the active site are likely to be critical in facilitating the discrete steps in cally facile peptide bond-forming reaction relies simply on remote orientation of the tRNA substrates via the the elongation cycle as well as systematic progression through the cycle in coordination with the GTPases EF-Tu conserved A and P loops of the ribosome interacting with the conserved CCA end of the tRNA. The more and EF-G. More than 30 years ago, Elson and colleagues noted that many ribosomal activities, including PT, were difficult hydrolysis reaction that releases the growing peptide chain from the peptidyl-tRNA is facilitated more abolished when ribosomes were depleted of monovalent cations (Miskin et al., 1968) . Reactivation of these locally in the ribosome's active site via universally con- 0.125 M to compensate for an observed partial loss of 30S subunits and lysed using a French press. The lysate was clarified followed by during purification. For reactions carried out at 15 mM Mg 2ϩ , initiapurification on Glutathione Sepharose 4B (Amersham Biosciences) tion and elongation complexes were formed in standard buffers, according to the standard manufacturer protocol. Purified GST-MS2 and the Mg 2ϩ concentration was raised just before mixing by adding was dialyzed against storage buffer (1XPBS [pH 7.3], 20% glycerol) a minimal volume of MgCl 2 stock. These complexes were diluted and stored at Ϫ80ЊC. before reaction with buffer A containing 15 mM MgCl 2 . For reaction Tagged ribosomes were expressed in DH10 cells with a plasmid with puromycin, complexes were kept in an ice water-cooled jacket carrying the temperature-sensitive lambda repressor allele cI857 by until injection into the quench-flow machine (RQF-3 quench-flow, diluting saturated cultures grown at 30ЊC 50-fold into LB with amp KinTek Corporation), which mixed 15 l each of reaction complex (100 g/ml) and grown at 42ЊC for 2 hr, and ribosomes were prepared and puromycin and quenched with EDTA at twice the concentration as described (Moazed and Noller, 1986) . Control untagged riboof Mg 2ϩ used in the reaction. Reactions were hydrolyzed with 0.4 somes were isolated from strain MRE600. N KOH at 37ЊC for 30 min. The hydrolyzed reactions (0.5 l) were To purify tagged ribosomes, 3 mg GST-MS2 per 70 mg crude spotted on TLC-cellulose plates and were electrophoresed in pyriribosomes was loaded onto a 5 ml GSTrap FF FPLC column (Amerdine acetate buffer (pH 2.8) at 800 V for 1 hr. Reactants and products sham Biosciences) and briefly washed with binding buffer (20 mM were quantitated by PhosphorImager. For fMetPm reactions, initiaTris-HCl [pH 7.5], 100 mM NH 4 Cl, 10 mM MgCl 2 ). Crude ribosomes tion complexes were formed as above and reacted directly with were then applied to the column, washed with 30 ml binding buffer, puromycin. For fMetPhe reactions, initiation complexes were formed and eluted with 15 ml elution buffer (50 mM Tris-HCl [pH 7.5], 100 mM and subsequently reacted with an equal volume of elongation com-NH 4 Cl, 10 mM MgCl 2 , 10 mM reduced glutathione). Eluted ribosomes plex formed as described above. were concentrated to at least 10 M based on 1A 260 ϭ 23 pmol in an Amicon Ultra centrifugal filter (Millipore, MWCO 100,000) and stored at Ϫ80ЊC. To assess the purity of tagged ribosomes, rRNA Formyl-Methionine Release Assay N-terminally His-tagged RF1 was expressed and purified from was extracted from crude and purified ribosomes where the tagged ribosomes contained a phenotypically silent A626G mutation.
pET15b-RF1 in BL21 DE3 pLysS cells as previously described (Shimizu et al., 2001). Purified RF1 was dialyzed against RF storage Primer extension was performed using a primer complementary to 23S rRNA nucleotides 627-643 as described (Sigmund et al., 1988) 
